Cardiac dysfunction is a major component of sepsis-induced multiorgan failure in critical care units. Uncoupling protein 2 (UCP2) involves immune response, regulation of oxidative stress, and maintenance of mitochondrial membrane potential as well as energy production. However, whether and how UCP2 plays roles in the development of septic cardiac dysfunction are largely unknown. Here, intraperitoneal injection of LPS significantly activated UCP2 expression accompanied by a significant decrease of cardiac function and caused a significantly lower survival rate in mice. Of note, knockdown of UCP2 through a cardiotropic adenoassociated viral vector carrying a short hairpin RNA (shRNA) specifically targeting the UCP2 evoked resistance to LPS-triggered septic cardiac dysfunction and lethality in vivo. Moreover, UCP2 deficiency ameliorated the reduced levels of intracellular ATP in the LPS-challenged heart tissues and preserved mitochondrial membrane potential loss in primary adult mouse cardiomyocytes in LPS-challenged animals. Mechanistically, we confirmed that the inhibition of UCP2 promoted autophagy in response to LPS, as shown by an increase in LC3II and a decrease in p62. At last, the autophagy inhibitor 3-MA abolished UCP2 knockdown-afforded cardioprotective effects. Those results indicate that UCP2 drives septic cardiac dysfunction and that the targeted induction of UCP2-mediated autophagy may have important therapeutic potential.
Introduction
Sepsis is a systemic inflammatory response syndrome caused by infection, which is a leading cause of death worldwide [1] [2] [3] . Cardiac dysfunction is a well-known serious component of the multiorgan failure associated with sepsis. However, the underlying mechanisms of myocardial depression of sepsis are not yet known.
Mitochondria comprised about 30% of myocardial volume and work cooperatively to provide energy, which in cardiomyocytes is an important target in septic myocardial injury. With the development of concepts of bioenergetics and disease-caused cell hypoxia, it is hypothesized that mitochondrial energy metabolism is associated with its own dynamic changes [4, 5] . Mitochondrial ATP and ROS production are regulated by a family of uncoupling proteins (UCPs), which are located in the mitochondrial inner membrane and catalyze a regulated proton leak from the intermembrane space into the mitochondrial matrix [6, 7] . Thus far, several UCP family members have been discovered [8] . UCP1 is predominantly expressed in brown adipose tissue which plays important role in thermogenesis [9] . UCP2 is widely expressed in various tissues, while UCP3 is predominantly expressed in skeletal muscle and BAT and present in the heart albeit at lower levels compared with skeletal muscle [10] . UCPs are present on the mitochondrial inner membrane16. An elevated level of UCPs can cause heart failure or myocardial injury. Numerous studies showed that UCP2 involved the regulation of inflammation, regulation of oxidative stress, maintenance of mitochondrial membrane potential, and energy production, which may be related to the pathophysiology of sepsis [11, 12] . However, the role of UCP2 in sepsis and the underlying mechanisms remain to be further explored.
Autophagy contributes to the regulation and function of diverse range of cellular responses, such as metabolic balance [13] , cell fate [14] , and inflammation [15] . Under normal physiological responses or mild stress, autophagy provides a level of control to promote survival and is therefore adaptive. However, under severe or chronic stress, either excessive autophagic activity or inadequate autophagy can lead to massive self-degradation or the accumulation of toxic materials, respectively; either of these outcomes is maladaptive and can ultimately cause cell death [16] . Clinical and preclinical studies indicate that sepsis triggers autophagy in multiple organs including the heart [17, 18] . However, our current understanding of the role of autophagy in the pathogenesis of sepsis remains limited and inconclusive. Given that UCP2 is a regulator of mitochondrial potential [19, 20] , we tested whether the redundancy of myocardial UCP2 alters autophagy, leading to the adaptive or maladaptive effects.
Our studies were performed using a mouse model of sepsis induced by LPS, a known toxic component of gramnegative bacteria. The investigation, summarized in this study, was aimed at addressing level of UCP2 in myocardium of LPS-challenged mice and the role and underlying molecular basic of UCP2 during septic cardiac dysfunction.
Materials and Methods
. . LPS-Induced Sepsis Model. 10-week-old mice were injected intraperitoneally with LPS (25 mg/kg, Escherichia coli 0111: B4, Sigma-Aldrich) dissolved in PBS or PBS alone as their control mice as described previously. Survival rate was then recorded every 3 h for a 60-h period. At 12 h after injection, the blood sera and heart tissues were collected and stored at −80 ∘ C for protein and RNA analysis. The procedures were approved by the Institutional Animal Care and Use Committee and Ethics Committee of the Harbin Medical University and complied with the standards of animal welfare in China.
. . Cardiac Function Assessment by Echocardiography. Mice were anesthetized after 12 h LPS challenge by isoflurane inhalation and echocardiographic assessments were examined using the Vevo 2100 system (Visual Sonics, Toronto, Canada) as previously described. Heart rate was maintained at 450-550 bpm. The mitral valve leaflet was visualized and its function was assessed at long axis B-mode view by placing the transducer on the left lateral chest wall. End-systolic and enddiastolic LV dimensions and wall thicknesses were measured according to the American Society of echocardiography guidelines as applied to mice. LV cavity size and wall thickness were measured in at least 3 beats from each projection and averaged. LV functional indexes were calculated from the M-mode measurements. . . Western Blot. Mouse left ventricles were lysed with RIPA buffer with protease inhibitors followed by centrifuging at 13,000 g for 10 min [21] . The concentration of proteins was determined using the Bradford method. The antibody information used in this study is as follows: UCP2 
. . Construction of Recombinant AAV with UCP -shRNA.
Three shRNA sequences specifically targeting on UCP2 were designed. The inhibition efficiency of the three UCP2-shRNA sequences was tested in cell line. The UCP2-shRNA sequence that achieved the greatest inhibition of UCP2 expression was chosen for the in vivo study. This sequence was designed to target on mouse UCP2 at 5 -GGAAAGGGACTTCTCCCA-ATG-3 . This UCP2-shRNA was then constructed into AAV9 vector under the control of RNA polymerase III promoter U6. AAV9.U6-UCP2-shRNA plasmid DNA was then packaged with pHelper and pAAV-RC to produce recombinant AAV9-shUCP2. The titer was determined by real-time PCR. AAV9 with a scrambled shRNA sequence was also constructed and served as a control (AAV9-NC). Physiological serum solution (100 L) containing 3 × 10 11 genome copies per 1 mL AAV9 was injected intravenously into tail veins of 4-week-old male mice. An AAV9 encoding shRNA specific for UCP2 (AAV9-shUCP2) or its control was injected intravenously into tail veins of mice, and 4 weeks later, LPS injection was performed.
. . Statistical Analysis. Dates were presented as the means ± SEM of at least three independent experiments. Survival data were used to construct Kaplan-Meier curves and analyzed by the Logrank test. After confirming that all variables were normally distributed by the Kolmogorov-Smirnov test followed by Q-Q plots analysis, statistical differences were determined by Student's t-test for comparison between two groups and ANOVA followed by Bonferroni's multiple comparison test for comparison among three or more groups. P values of less than 0.05 were considered statistically significant. Statistical calculations were carried out using GraphPad Prism 6.0.
Results

. . UCP Was Upregulated during LPS-Induced Sepsis.
We examined the expression levels of UCP2 to explore its potential role in the process of septic cardiac dysfunction. LPS or an equal volume of PBS was intraperitoneally injected into the mice. Cardiac function was assessed by echocardiography 12 hours after injection, and survival was monitored every 3 hours for 60 hours. Predictably, there is remarkably decrease of cardiac function followed by lower survival rate with LPS injection (Figures 1(a) and 1(b) ). Next, we examined the UCP2 expression in myocardium. Western blot analysis as well as real time PCR showed upregulation of UCP2 protein in the LPS-insulted septic hearts (Figures 1(c) and 1(d) ). Taken together, our data indicate that UCP2 is an effector of septic cardiac dysfunction.
. . Knockdown of UCP Improved Cardiac Outcomes in LPS-Induced Sepsis.
We subsequently sought to examine whether reduced levels of UCP2 in the heart attenuate septic cardiac dysfunction. To address this hypothesis, we chose a gene transfer approach using adenoassociated virus serotype 9 (AAV9), which shows strong tropism for cardiac myocytes. An AAV9 encoding shRNA specific for UCP2 (AAV9-shUCP2) or its control was injected intravenously into tail veins of mice, and 4 weeks later, LPS injection was performed. Mice treated with AAV9-shUCP2 showed a significant decrease in UCP2 protein expression (Figure 2(a) ). At baseline, the AAV9-shUCP2 delivered mice exhibited a normal cardiac phenotype and cardiac function (data not shown). Remarkably, suppression of UCP2 expression with AAV9-shUCP2 significantly restored cardiac function (Figure 2(b) ). Importantly, LPS-reduced lower survival rate in mice was significantly improved with AAV9-shUCP2 (Figure 2(c) ). Taken together, these data indicate that UCP2 deletion prevented LPS-induced cardiac dysfunction and subsequent lethality.
. . Knockdown of UCP Preserved Mitochondrial Function in
Cardiomyocytes. ATP production is an important function of mitochondria, and its disorder is related with many cardiovascular diseases including heart failure [22] . Therefore, we examined the intracellular ATP levels in mice hearts. Our data suggest that knockdown of UCP2 significantly improved the reduced levels of intracellular ATP in the LPS-insulted myocardium (Figure 3(a) ).
Processes interfering with maintenance of mitochondrial membrane potential may impact on cellular energy supply and mitochondrial ROS production. Next, we isolated primary adult mouse cardiomyocytes with or without LPS injection. LPS treatment induced a significant decline in TMRE fluorescence (Figure 3(b) ), indicating a decline in mitochondrial membrane potential, which was improved by UCP2 knockdown with AAV9-shUCP2. Those data suggest that UCP2 could protect LPS-induced mitochondrial damage and preserve mitochondrial function during septic cardiac dysfunction.
. . UCP Promoted Autophagy in Response to LPS-Induced
Sepsis. Several studies indicate that sepsis triggers autophagy in multiple organs including the heart and giving evidence that autophagy is an adaptive response. Mice were given either LPS or vehicle PBS and heart tissue was harvested after challenge. LC3II and beclin 1, markers of autophagosome formation, were examined by Western blot. Compared to shams, the level of LC3II and beclin 1 were higher in LPSchallenged animals, which was further increased with LPS insulted UCP2-knockdown mice (Figure 4) . Consistent with an increase in autophagy, p62/SQSTM1, a polyubiquitinbinding protein that is degraded during autophagy showed the reverse trend ( Figure 5 ). These data indicate that LPS stimulates cardiac autophagy activity, which was further enhanced by UCP2 knockdown.
To elucidate the signaling pathway involved in the UCP2-regulated autophagy, we examined regulation of the AMPK which induces autophagy by direct activating phosphorylation of ULK1 under conditions of energetic stress. Our results showed that AMPK/ULK1 pathway is significantly activated in LPS-challenged mice, which is further enhanced in UCP2-knockdown mice (Figure 4 ). Those data indicate that AMPK/ULK1 pathway is likely to be responsible for UCP2 knockdown-simulated autophagy.
. . Autophagy Inhibition Abolished the Protective Role of UCP Knockdown in LPS-Induced Sepsis.
To examine the role of UCP2 regulated autophagy in cardiac dysfunction after sepsis, intraperitoneal injections of autophagy inhibitor 3-methyladenine (3-MA, 10 mg/kg) were applied to suppress autophagy. As anticipated, 3-MA delivery significantly decreased autophagy level in myocardium (data not shown). We examined heart performance by echocardiography in sham and LPS-challenged WT mice, UCP2 knockdown with and without 3-MA treated mice. LPS challenge substantially reduced EF, FS, and survival rate after LPS challenge in WT mice, which were preserved with UCP2 knockdown ( Figure 5 ). However, 3-MA delivery abolished UCP2 knockdown-afforded cardioprotective effects ( Figure 5 ). These data indicate that activated autophagy was responsible for the protective role of UCP2 knockdown in LPS-induced sepsis. 
Discussion
Sepsis, a systemic inflammatory response syndrome caused by infection, is a serious threat to the lives of patients [23] . Sepsis can cause tissue hypoperfusion and septic shock which leads to organ dysfunction and death via a variety of mechanisms. This investigation was aimed at determining the role of UCP2 in the heart during sepsis and to test the therapeutic potential of targeting this gene with a cardiotropic adenoassociated viral vector encoding shRNA Representative images and results of echocardiographic assessment 12 h after intraperitoneal injection of PBS or LPS in AAV9-NC or AAV9-shUCP2 mice (n = 5 for each group). Data were presented as means ± SEM.
* P < 0.05, * * P < 0.01, and * * * P < 0.001 vs. the indicated group. (c) Survival of AAV9-NC (n = 8 for PBS, n = 12 for LPS) or AAV9-shUCP2 (n = 8 for PBS, n = 12 for LPS) mice intraperitoneally injected with PBS or LPS, monitored every 3 h for a 60-h period. Data were presented as means ± SEM. * * * P < 0.001 vs. the AAV-NC+PBS group; ### P < 0.001 vs. the AAV-NC+LPS group. Mitochondrial membrane potential, indicated by TMRE fluorescence of adult mice cardiomyocytes freshly isolated 12 h after intraperitoneal injection of PBS or LPS in AAV9-NC or AAV9-shUCP2 mice. * P < 0.05, * * P < 0.01, and * * * P < 0.001 vs. the corresponding group. All data represent the mean ± SEM from at least 3 independent experiments.
for UCP2 using a mouse model of LPS-induced sepsis. We found that LPS triggered a significantly increased expression of UCP2 followed by induced autophagic response. Then UCP2 knockdown in vivo further activated autophagy and improved cardiac function after LPS insult, which abrogated with autophagy inhibitor 3-MA. These novel findings clearly suggest that UCP2-regulated autophagy might play a crucial role in the process of sepsis, which possesses a therapeutic potential for sepsis.
Previous study reported that UCP2 in blood cells of sepsis patients was significantly higher than that of healthy controls and the expression level of UCP2 in blood cells of sepsis patients was significantly reduced after treatment, compared to that before treatment [24] . UCP2 level in blood cells might be a specific biomarker for sepsis, which is positively correlated with the severity of sepsis. However, the present study was designed to investigate the level of UCP2 in myocardium and examine its roles in septic cardiac dysfunction. Our studies indicated that UCP2 mRNA and protein level are remarkably increased in myocardium. Most importantly, UCP2 knockdown evokes resistance to LPS-induced septic cardiac dysfunction and lethality in vivo. In the meanwhile, UCP2 deficiency preserved the reduced levels of intracellular ATP in the heart tissues and improved mitochondrial membrane potential in adult mouse cardiomyocytes in LPSinduced septic mice. We therefore conclude that ablating UCP2 in myocardial has a marked protective effect against septic cardiac dysfunction.
Autophagy presents a dominant role in inflammation by limiting the availability of inflammasome activators [25] , and by reducing mitochondrial DAMPs through activation of mitophagy [26] . However, excessive increase in autophagy due to deregulated degradation of cellular components resulted in aggressive inflammation [27] . Previous studies have used pharmacological approaches to examine the role of autophagy in sepsis, which come to the opposite conclusion , and beclin 1 in LPS-challenged AAV9-NC or AAV9-shUCP2 mice, using GAPDH as a loading control in heart tissue lysates. Data were presented as means ± SEM. * P < 0.05, * * P < 0.01, and * * * P < 0.001 vs. the corresponding group. * P < 0.05, * * P < 0.01, and * * P < 0.01 vs. the indicated group. (c) Survival was monitored in LPS (10 mg/kg) challenged UCP2 knockdown with or without 3-MA mice.
* * * P < 0.001 vs. the AAV-shUCP2+Control group. [28, 29] Evidence obtained in vivo using a mouse cercal ligation and puncture (CLP) sepsis model [30] and in vitro using cultured, lipopolysaccharide-(LPS-) challenged cardiomyocytes [31] , suggests that stimulating autophagy via pharmacological approaches protects the myocardium, thus providing evidence that autophagy is an adaptive response. On the contrary, recent paper showed that reducing autophagy improved cardiac function in a mouse model of LPS induced sepsis, supporting the conclusion that autophagy is maladaptive [32] . The contradictory results may be interpreted by the differences in experimental settings, in which the severity of sepsis, drug specificity, and timing of delivery differed. In this report, we observed that autophagy activity is elevated (Figure 4) , which is an adaptive response and too mild to carry deterrent value under LPS challenge. Then UCP2 knockdown further activated autophagy and protected cardiac function and improved survival rate during sepsis. Accumulated evidence has indicated that under different nutritional statuses AMPK is coordinated closely with mTOR in regulating autophagy through direct phosphorylation of ULK1. To address molecular signaling pathway underlying the UCP2-modulated autophagy, changes in the autophagy trigger ULK1 and its upstream effectors, AMPK, were examined. Our data showed that AMPK/ULK1 signaling pathway is activated with LPS treatment and further enhanced after knockdown of UCP2. However, more experiments are needed to confirm this conclusion and how does UCP2 regulate AMPK/ULK1 signaling pathway. Our result suggests a signaling pathway from UCP2 to autophagy that protects cardiac mitochondria and cardiac function during sepsis.
Conclusion
Taken together, our findings revealed that UCP2 is particularly expressed in septic myocardium and essential to mediate LPS-induced cardiac injury, which pave the way towards future therapeutic approaches.
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